Abstract-This paper deals with the design of neural network controller for the slung-load system. There are many methods for modeling the slung-load system, we developed the entire system model based on the UKE (Udwadia-Kalaba Equations) in order to account for multiconstraints. Neural network was adapted to the attitude controller. Finally, considering all matters in the design process, numerical simulations are performed in order to verify the system model. 
I. INTRODUCTION
Recently, Unmanned Aerial Vehicles (UAVs) are used in many military purposes such as reconnaissance, observation or freight transportation. UAVs have a strong advantage regarding on pilot safety and cost reduction. Among them, quad-rotor has a capability of hovering and simple control logic, so many researchers have used quad-rotors as a platform of their own missions.
This research focuses on the design of neural network controller for slung-load system. For designing the controller of multi quad-rotors cooperative system, to design the controller of one quad-rotor system would be the first step. To derive the mathematical model of this system, we can find similar researches produced by Bisgaard et al., Sampath, Ronen et al., Cicolani et al. and Oh et al. [1] - [5] . Especially in this paper, we used the generic slung-load system model derived by Bisgaard et al. which is based on Udwadia-Kalaba Equation (UKE) , that analyze the existing modeling method and consider the constraints proposed by Udwadia et al. [1] , [6] .
In order to obtain improved performance and eliminate the requirements for gain scheduling, model inversion method based on feedback linearization has been introduced. Dynamic model inversion generates error which is produced by contradiction with nonlinear model. Thus, we adapt another notion of on-line adaptive neural network. The deficient information of modeling can be  Manuscript received October 15, 2013; received February 10, 2014.
supplied by on-line learning process of Sigma-Pi neural network [8] .
In this paper, using these techniques; UKE, feedback linearization and adaptive neural networks, an analysis of position and attitude control performance is simulated.
An organization of this paper is described as follows. First, the Udwadia-Kalaba modeling principle is introduced in chapter 2. Then, the quad-rotor modeling process with position and attitude controller is presented in chapter 3. In chapter 4, methodology regarding on adaptive neural network is described. The simulation results are included in chapter 5. Finally, there are conclusion and further research plans in chapter 6.
II. MODELING OF THE SLUNG-LOAD SYSTEM
A new aspect on the system including constrained condition generated the new principle of dynamic system modeling. The UKE is based on Gauss' principle of least constraint and yields an explicit equation. The result of this equation and principles of Lagrange are equivalent [7] . More specific derivation process can be seen [6] . 
In (1), the transformation matrix ev C represents the direction cosine matrix (DCM) that maps from the body of quad-rotor to the Earth frame, also the transformation matrix el C maps from l coordinate to the Earth. The wire vector is a function of the position vectors of the quadrotor R . Then, it needs to be differentiated twice to obtain the generic form of constraint equation in [6] . The constraint equation is given by
where l is the nominal undeformed length of the wire.
As mentioned above, the (2) is differentiated twice and this yields
In (3) and (4), e L and e L can be easily obtain by differentiating the (1).
--
Now, first and second order derivative of DCMs in (5) and (6) can be transformed by using relationship in [1] . Substituting the result of it into (5) and (6) yields
Then, to obtain final constraint equation, (7) and (8) are substitute into (4) and this yields
where b is the acceleration independent term as
Finally, matrix A is identified as Fig. 2 shows typical quad-rotor structure. This quadrotor structure includes four rotors which are mounted on the tip of cross-shaped rods.  , and these actuator system is modeled as the first order system. Mathematical model of actuator system is represents in (12) . t K is the motor thrust coefficient and r K is the motor torque coefficient. Therefore, force T and torque r  can be determined by (12) . There are four rotors on the quad-rotor, so forces acting in each direction of the quad-rotor are expressed in (13). The moments acting on each angular direction of the quad-rotor are shown in (14), and these equations are including gyroscopic effect. 
III. QUAD-ROTOR MODELING

A. Quad-Rotor Dynamics
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B. Quad-Rotor Control Allocation
In this paper, we determine control commands as  . In more detail, these control commands are the rotor angular velocity differences that generate eachaxis torque of the quad-rotor. Likewise, z  is the rotor angular velocity difference that generates vertical direction force of the quad-rotor. Equation (15) represents the control allocation logic of the quad-rotor. 
C. Attitude Control
Attitude control is for the tracking and maintaining Euler angles of the quad-rotor. In this paper, conventional PD attitude control method is using to implement adaptive neural network attitude controller. First of all, we use PD control method for designing attitude controller. Equations and structure of PD attitude controller are shown in (16) and Fig. 3. , , 
, , , 
IV. ADAPTIVE NEURAL NETWORKS
A. Adaptive Control Structure
In this paper, we use feedback linearization method to use on-line adaptive neural networks [9] . According to feedback linearization method, adaptive controller is required to eliminate the inversion error  Δ . This adaptive control structure is given in Fig. 5 . Adaptive control signal ˆa d u is generated by on-line neural network to support the PD control signal. 
B. Approximate Model Inversion
Nonlinear dynamics of the quad-rotor is approximated to linear system to model inversion technique is applicable [10] . The quad-rotor dynamics inversion consists of two parts, which are implemented in attitude and position controller respectively.
First of all, dynamics from pitch and roll attributes to longitudinal and lateral accelerations is inverted in order to obtain required pitch and roll angles (  ,  ) from pseudo-commands ( x u , y u , z u ) and yaw command ( c  ).
Considering that forces along x-and y-axis are ignorant compared to force along z-axis, the inverted model can be presented as (20) and (21). With these equations, z F can be derived from (22). (24) in [11] . Finally, the quad-rotor attitude commands are given as (25). 
V. SIMULATION
A. Simulation Setup
In this paper, properties of the quad-rotor are determined using [12] . In addition, we assumed that properties of the payload are equal to Table I . Therefore parameters of the quad-rotor and payload are shown in Table I . Using these parameters of the quad-rotor and payload, we performed 1-vehicle 1-payload slung-load position control simulation to show attitude and position tracking performance of the adaptive neural network. Table II shows that waypoint sequence of position control simulation. 
B. Simulation Results
Using the previous simulation setup, result graphs are shown below. Fig. 6 represents simulation results of the quad-rotor position and attitude. As can be observed from 
VI. CONCLUSION
In this paper, slung-load dynamics are used to perform simulation environment of the transportation of 1 quadrotor with 1 payload. To control this quad-rotor, we used adaptive neural network for the quad-rotor attitude control. This adaptive neural network is used to control 1 quad-rotor with 1 payload. In fact, this neural network controller is designed for only 1 quad-rotor without any payload. However, from simulation results, we show that this neural network controller works well with 1 quadrotor with 1 payload also. For further research, approximate model inversion method will be re-derived with slung-load dynamics. In addition, performance of designed adaptive neural network controller will be tested by real flight test. 
